Abstract-Recently, many investigations about toroidal high--temperature superconducting magnetic energy storage systems have been reported. Some papers reported that there was a possibility that the chain of normal-state transitions occurred on the toroidal HTS-SMES magnet by normal-state-transition simulation. Hence, it should also be investigated that the behavior of unbalanced electromagnetic force during the sequential normal-state transition of the superconducting coil elements. In this paper, we have developed a simulation code to investigate the behavior of the overturning electromagnetic force on the toroidal HTS-SMES system during the normal-state transition. The magnetic field and the circuit analysis were coupled and solved in the previously developed simulation code. Additionally, in order to investigate the normal-state transition more accurately, we also take the thermal analysis into account. Carrying out the newly developed numerical simulation, we investigate the time transition of the transport current, the overturning force, and the magnetic field applied to the superconducting coil elements for a few toroidal HTS-SMESs.
I. INTRODUCTION

E
NERGY problem is one of the most important problems over all the world. Renewable energy, such as wind generator and photovoltaics, has been developed and introduced to power lines. However the renewable energy is faced on an energy storage with a large capacity. The one of the solution is a superconducting magnetic energy storage (SMES).
Recently, various kinds of high-temperature SMES (HTS-SMES) systems have been investigated [1] - [5] . The advantages of HTS-SMES systems are a quick response and a large capacity, whereas it is necessary to solve the problems about cooling condition [3] , stability [4] , stress [5] , and so on. An ideal configuration of the HTS-SMES is a toroid composed by many superconducting coils [1] , [2] . The merits of the toroidal structure are a low flux leakage and a low magnetic field perpendicular to the HTS tape surface which lessens a critical current of the HTS tape. The normal-state-transition simulation reveals the possibility that the chain of normal-state transitions Manuscript occur on the toroidal HTS magnet [6] . Hence, the behavior of an overturning force during the chain of normal-state transitions should also be investigated in detail.
The HTS-SMES is rotationally symmetrical and the transport current is identical on every superconducting coil (SC) element, subsequently the overall electromagnetic force applying to the HTS-SMES is balanced in the stable operation. However, when one of the SC elements transitions to the normal state, the transport current of the normal-state-transitioned SC element is immediately reduced by a shunt resistor connecting in parallel to avoid it burnout [6] , [7] . The SC element has a high mutual inductance so that the current is induced in the other SC elements. Consequently, the magnetic field applying to the SC elements is changed due to the different current intensity of every SC elements, and then the electromagnetic force becomes unbalanced. There is a possibility that a critical accident follows.
We have previously investigated the overturning force in the chain of normal-state transitions by a simulation based on a magnetic field analysis and an electrical circuit analysis [8] . The thermal behavior was not considered in [8] . However, it becomes obvious that the thermal behavior affects the behavior of the overturning force during the chain of normal-state transitions [9] . Therefore, we coupled the thermal analysis with the previously developed electromagnetic and circuit simulation. In this paper, in order to investigate the time transient of the overturning electromagnetic force during the chain of normalstate transitions more accuracy, we develop the algorithm to consider the thermal behavior of the SC elements.
II. TOROIDAL HTS-SMES SIMULATION MODEL
In the simulation, the HTS-SMES magnets, whose configuration was optimized by the optimal design method in [2] , were used for investigation of the overturning forces. The critical current of the YBCO tape is dependent on the direction and intensity of the magnetic flux density. Moreover, it is also dependent on the temperature. Therefore, it is calculated based on percolation model [10] taking into account the magnetic flux density and the temperature. The conditions of the designed toroidal HTS-SMES are the storage energy of 72 MJ, 12-and 16-toroidal SC elements, and the safety margin of 10%. Table I show the specifications of the designed toroidal HTS-SMES magnet. Please refer to [9] in order to know more detail. 
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III. SIMULATION METHOD
In order to investigate the time transition of the overturning electromagnetic force, it is necessary to figure out the phenomenon precisely. Hence, we have newly developed the simulation code coupled the electrical circuit and magnetic field analysis with the thermal analysis. Fig. 1 shows the electrical circuit of the toroidal HTS-SMES system, where the SC elements are connected in series and the shunt resistors are in parallel with them. A normal-statetransition simulation is carried out by solving the following equations: where m, M , R s , R n (B, T ), I k , and I are the number of the SC elements, the mutual inductance (M k,l = L when l = k, where L is the self-inductance), the shunt resistance, the HTS wire resistance that is dependent on the magnetic flux density B and the temperature T , the current of kth SC element, and the total operating current of HTS-SMES, respectively. The shunt resistor R s is 3.0 Ω in the circuit simulation. When the current I k of the kth SC element increases, the resistance R nk (B, T ) gradually increases based on the E − J characteristics. Here, the relationship between the resistance R n and the resistivity ρ is the following equation:
A. Electrical Circuit and Magnetic Field Analysis
where u is the number of the finite elements in the thermal finite element analysis mentioned below, l e and S e are the length and area of eth finite element, respectively. ρ e (B, T ) is calculated by taking into account the magnetic flux density B and the temperature T of the SC element based on the percolation model that is obtained by experiment [10] . When the transport current in the SC elements varies, the magnetic field applied to the YBCO tape also varies and then the critical current I c varies according to the B − J − θ characteristics of YBCO tape. Therefore, the magnetic flux density B applied to the YBCO tape is calculated by the Biot-Savart law.
B. Thermal Analysis
When the transport current becomes relatively large at a local point, the resistivity appears according to the percolation model, and then a Joule heat is generated at the point. The resistivity of the SC element is dependent on not only the magnetic flux density but also the temperature. Hence, it is necessary to consider the diffusion of the heat for the accurate analysis. The thermal analysis is carried out by solving the following thermal diffusion equation:
where Q j , Q c , Q i , λ, and C are the quantity of the Joule heat, the cooling heat, the initial heat, the thermal conductivity, and the heat capacity, respectively. The Joule heat Q j is calculated based on the current density and the electrical resistivity (Q j = j 2 ρ). The SC elements are assumed to be cooled by conductioncooling of the cooling heat Q c on the outer periphery of the coils. The thermal diffusion is simulated with the finite element method.
IV. SIMULATION RESULTS AND DISCUSSION
A. Simulation Results
In the simulation, the initial temperature of all the SC elements is 20 K. An initial heat density of Q i = 10 11 W/m 3 is applied to a certain point of the 0th SC element from t = 0 to 0.2 ms. Figs. 2 and 3 show the time transition of the SC currents I k , the critical currents I ck , and the overturning forces F k of the 12-toroidal HTS-SMES magnet as the result of the simulation with the thermal analysis. Here, the positive direction of the overturning force is defined as counterclockwise. When one of the SC elements is transitioned into the normal state, the SC current in the normal-state-transitioned SC element is immediately reduced by the shunt register connecting in parallel to avoid the normal-state-transitioned HTS coil from burning. When the current of a SC element is attenuated, the current of the neighbor SC elements is induced. In Fig. 2 , the 0th SC element begins transitioning into the normal state at approximately 2 ms, and the current of the neighboring first SC element increases. The chain of the normal-state transitions occurs as shown in Fig. 2 . With the advance of the chain of the normal-state transitions, the magnetic field becomes unbalanced so that the large overturning force appears as shown Fig. 3 . Fig. 4 shows the time transition of the magnetic field applied to the SC elements. Fig. 4(a) shows the magnetic field distribution when the overturning force on first SC element reaches to its peak, and the maximum applied magnetic field is 9.173 T. During the chain of the normal-state transitions, the magnetic field intensity slightly increases, finally the maximum magnetic field becomes 9.301 T. The large magnetic field is applied to the SC element and the large overturning force is also applied to the SC elements. Fig. 5 shows the overturning forces of the 16-toroidal HTS-SMES. The chain of the normal-state transitions of 16-toroidal HTS-SMES finishes in shorter time than that of the 12-toroidal one. It is the reason why the self-and mutual inductances of the 16-toroidal HTS-SMES are smaller than those of the 12-toroidal one. Fig. 6 shows the overturning forces of the 16-toroidal HTS-SMES without thermal analysis [11] . Comparing the simulation results of Figs. 5 and 6, the behavior of the overturning forces clearly differs. In the simulation coupled with the thermal analysis as shown in Fig. 5 , the normal-state transition of all the SC elements finishes in approximately 0.028 s whereas 0.5 s without thermal analysis as shown in Fig. 6 . The normalstate transitions of Fig. 5 sequentially occur more quickly than those without considering the thermal behavior. In addition, the overturning force with the thermal analysis is approximately 4.8 times greater than that without thermal analysis. For these results, it is proved that it is necessary to evaluate the overturning force with the thermal diffusion behavior in the simulation.
B. Comparison Between With and Without Thermal Analysis
V. CONCLUSION
We have investigated the unbalanced overturning force of the toroidal HTS-SMES during the chain of the normal-state transitions using the developed simulation code taking into account the electromagnetic and electric circuit behavior as well as the thermal behavior. In the stable operation, the electromagnetic force applied to the SC elements keeps balance because of the toroid structure. However, when one of SC elements transitions to the normal state, the large overturning force appears on the SC elements.
In additions, the overturning force with consideration of the thermal behavior analysis is approximately 4.8 times greater than that without the thermal behavior consideration. The chain of the normal-state transitions with consideration of the thermal behavior finished approximately 17.9 times faster than that without the thermal behavior. In order to investigate the behavior of the overturning force that occurs during the chain of normal-transitions in detail, the thermal analysis has to be performed with the magnetic and electrical circuit analysis.
